Abstract: Bubble size distribution (BSD) plays a major role in transport and fate of gas or oil released in deepwater. However, no reliable method is available to estimate gas or oil BSD after a deepwater spill. Breakup and coalescence have been identified as key processes controlling BSDs in turbulent jets. The present work introduces bubble breakup and coalescence processes for deepwater gas or oil spill models. A population balance equation representing bubble volumes is used to model the evolution of bubble sizes caused by breakup and coalescence. Existing theories for bubble breakup and coalescence rates in bubble columns are adopted to deepwater plumes. The advantage of the present model is that the BSD is generated as a result of breakup and coalescence; and therefore, a predefined BSD is no longer necessary for simulations. The comparison of model-computed results with laboratory and field data shows a good agreement. Scenario simulations show that the seed diameter given to start computations affects only for a short distance from the release point. Simulations also show that bubble breakup and coalescence is important only during the early stages of the plume where turbulence is dominant. The importance of accounting for gas bubble breakup and coalescence in estimation of gas dissolution is also demonstrated.
Introduction
Deepwater gas and oil exploration has significantly increased during the last several decades owing to the growing energy demand (Yapa and Chen 2004) . The expanding exploration has increased the possibility of an accidental gas or oil release in deepwater. Surfacing or beaching hydrocarbons may create problems for surface facilities by causing fire, losing buoyancy, and beach pollution. In the case of a spill, a knowledge of surfacing time, the extent of hydrocarbon spread, and concentrations expected are critical to emergency spill response and contingency planning. Gas or oil released in a blowout breaks up into bubbles because of instability created by high turbulence at the release point (Zheng and Yapa 2000; Johansen et al. 2000) . Herein, both gas bubbles and oil droplets will be referred to as bubbles. In addition to hydrodynamics of the plume, individual bubble-rise velocity plays a major role in determining the surfacing time of a gas or oil spill. Since bubblerise velocity largely depends on its size (Clift et al. 1978; Zheng and Yapa 2000) , the bubble size distribution (BSD) affects the surfacing time. The bubbles that stay in water longer are going to be affected more by the cross currents. Hence, the BSD not only controls the vertical transport but also the lateral transport. In deepwater plumes, gas dissolution affects significantly on the fate because of its effect on the buoyancy (Zheng et al. 2003) . Bubble surface area is important in calculating the gas dissolution. Thus, it is clear that a better estimation of BSD is needed to improve the simulation accuracy of deepwater oil or gas spills.
Bubbles in turbulent flows breakup because of interaction with turbulent eddies, high shear rates, or instability created by internal circulations. Conversely, they tend to coalesce because of collision caused by turbulence, high shear, buoyancy, or wake effects (Clift et al. 1978; Prince and Blanch 1990; Tsouris and Tavlarides 1994) . Therefore, BSD may change significantly at early stages of a plume where the level of turbulence is very high. Although the bubble sizes can change because of gas dissolution and pressure change, the amounts are small compared with that caused by breakup and coalescence when the turbulence is dominant (Johansen et al. 2000) . Changes observed in BSDs in rising plumes during Deep Spill experiments (Johansen et al. 2000) can be best explained by bubble breakup and coalescence. None of the existing oil and gas spill models (Johansen 2000; Zheng et al. 2003 ) considers bubble breakup and coalescence. Previous models to estimate the oil BSD were on the basis of an ad hoc empirical formula tested only in very limited conditions. Bubble breakup and coalescence models have primarily been developed in chemical engineering, biochemical engineering, and pharmaceutical industry in which the interfacial area of bubbles are important (Colella et al. 1999) . The population balance model (PBM) has successfully been used by previous researchers to simulate BSDs in bubble column reactors. PBM describes the history of bubble population in relation to their properties, such as size, age, and concentration during their upward travel in the water column. Several phenomenological approaches for breakup and coalescence have been proposed in the literature (Prince and Blanch 1990; Nambiar et al. 1992; Tsouris and Tavlarides 1994; Martinez-Bazan et al. 1999; Lehr et al. 2002; Wang et al. 2003) . The objective of the present work is to borrow the concepts (e.g., PBM) used in the aforementioned areas to develop a model for simulating bubble breakup and coalescence in deepwater oil and 
